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Almheiri, Marolf, Polchinski, and Sully argued that, for a consistent black hole evaporation pro-
cess, the horizon of a sufficiently old black hole should be replaced by a “firewall” at which an
infalling observer burns up, which obviously leads to the violation of the equivalence principle. We
propose that once the infalling partner of an outgoing Hawking particle approaches a black hole
singularity, it experiences decoherence and the loss of its entanglement with the outgoing Hawking
particle. This implies we would no longer need firewalls to avoid the black hole information paradox.
I. INTRODUCTION
The black hole information paradox [1] is one of the
most profound problems in physics, which might lead to
a deeper understanding of the relation between general
relativity and quantum theory. If radiation from a black
hole is thermal, the final state of black hole should be
a mixed state even for a black hole originating from a
gravitationally collapsing pure state. This process is for-
bidden in unitarity of quantum mechanics. Therefore, it
is expected that the radiation from a black hole would
be non-thermal.
Susskind, Thorlacius and Ugrum proposed the black
hole complementarity principle [2–4], which gives the
phenomenological picture for the evaporation of black
hole that explains how the non-thermal radiation could
be emitted from a black hole. This proposal is consistent
with three postulates, which are briefly given as follows:
(postulate 1) Hawking radiation is in a pure state, (pos-
tulate 2) outside the region near the horizon of a massive
black hole, physics can be described by an effective field
theory of general relativity plus quantum field theory,
and (postulate 3) a black hole is regarded as a quantum
system with discrete energy levels whose number is the
exponential of the Bekenstein entropy [5] of black hole.
In 2012, however, Almheiri, Marolf, Polchinski and
Sully (AMPS) pointed out in Ref. [6] that postulate 1,
postulate 2, and the equivalence principle are mutually
inconsistent for an old black hole [7–9] and idea that we
briefly review here. Let us consider an old black hole with
early Hawking radiation A, late Hawking radiation B and
infalling quanta behind the horizon C. A and B have to be
fully entangled so that the final state of the black hole is
a pure state (postulate 1). On the other hand, according
to quantum field theory in curved spacetime, B and C,
pair-created particles, are also fully entangled (postulate
2). That is, according to postulate 1 and 2, B should be
fully entangled simultaneously with both A and C. This
contradicts with the monogamy of entanglement that for-
bids any quantum system being entangled with two inde-
pendent systems fully and simultaneously. AMPS then
proposed “firewalls”, high-energy quanta at horizons en-
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FIG. 1: The infalling mode near the horizon, C on the hyper
surface Σ, can hold coherence, whereas the infalling mode in
the vicinity of the singularity, C on the hyper surface Σ′, exits
the particle horizon (dashed line) and loses causal contact as
a whole, which leads to the decoherence of the infalling mode.
As a result, the entanglement of the Hawking pairs disappears
and its state becomes separable.
ergetic enough to break the entanglement of Hawking
pairs, which would get rid of the inconsistency between
postulate 1 and 2. However, the existence of firewalls im-
plies that the free falling observer going across the hori-
zon has a dramatic experience: the observer burns up at
the horizon. That is, firewalls amounts to abandoning
the equivalence principle.
In this paper a sufficient reason for rejecting the AMPS
firewall concept as a solution to the black hole infor-
mation paradox is presented. It was previously pointed
out that the black hole information paradox only mani-
fests limitations of the semiclassical theory, rather than
presents a conflict between any fundamental principles
[10]. It was proved that firewalls are excluded by Ein-
stein’s field equations for black holes of mass exceed-
ing the Planck mass [11], and demonstrated that the
AMPS argument is based on an over-counting of internal
black hole states including those that are singular in the
past [12]. Here we show that an infalling mode inside
a black hole C is infinitely squeezed due to the gravita-
2tional effect of a black hole, which makes the infalling
mode highly sensitive to decoherence [24] and leads to
the loss of its entanglement with the outgoing mode B
(Fig. 1). This means that there would be no violation of
monogamy of entanglement around a black hole and the
black hole complementarity principle can be consistent
with the equivalence principle.
The plan of this paper is as follows. In Sec. II we will
introduce a quantum state around a black hole formed
from gravitational collapse and will describe how we cal-
culate the time evolution of the quantum state. The res-
olution to the firewall paradox is described in Sec. III.
We will show that the quantum state of a Hawking pair,
which is initially entangled state, would become a sepa-
rable state due to environment-induced decoherence (see
e.g., [23] for the review of decoherence). In Sec. IV we
will confirm the consistency between our proposal, ex-
plaining how the Hawking pair evolves to a separable
state from an initially entangled state, and the previous
works that investigated how the purity of the Hawking
radiation will be realized. Sec. V is dedicated to conclu-
sions.
II. FORMALISM
The Unruh vacuum state [25] is the quantum state on
an eternal black hole spacetime which models the late
time properties of the in vacuum of a collapsing star,
which is denoted by |in〉, that contains no Hawking parti-
cle at the past infinity. The Unruh vacuum is associated
with the infalling modes and the outgoing modes that
are positive frequency with respect to the Killing vec-
tor ∂t and ∂T respectively, where t is the Schwarzschild
time and T is the Kruskal time. Introducing the vacuum
state |0〉c for the infalling modes and |0〉b for the outgo-
ing modes, the Unruh vacuum state can be expressed as
|U〉 = |0〉c |0〉b, and the relation between the in vacuum
state |in〉 and the Unruh vacuum state |U〉 has the form
[26]
|in〉 ∝ 1√
Zω
(
∞∑
n=0
e−piωn(ω)/κ(b†ω)
n(c†ω)
n/n!
)
|0〉c |0〉b ,(1)
where b†ω and c
†
ω are creation operators for the state
|0〉b and |0〉c respectively, n(ω) is the number of parti-
cles with mode ω, κ ≡ (4GM)−1 is the surface gravity,
and Zω ≡ (1 − e−piω/κ)−1. In the following, we will use
the Unruh vacuum state as a quantum state around a
black hole although modeling the quantum state around
the collapsing star with the (outgoing) Kruskal mode has
not been fully successful and may demand us to take into
account the technical issues, e.g., the backscattering ef-
fect in the definition of |0〉c and |0〉b [28].
The relation (1) implies that the infalling modes are
fully entangled with the outgoing modes, which is the
problematic entanglement and should be broken for the
purity of the Hawking radiation as is pointed out by
AMPS [6]. In the following, we will neglect multi-pair
creations because the states of n-particles are suppressed
by the exponential factor e−piωn/κ and their cumulative
contribution to the entanglement entropy (EE) between
the infalling and outgoing mode is negligibly small [29].
For simplicity and to grasp the essence, we here consider
a generically entangled state
|in〉 →
√
1− p2 |0〉c |0〉b + p |1〉c |1〉b , (2)
|1〉c =
∫ ∞
0
dωϕc(ω) |1, ω〉c , (3)
|1〉b =
∫ ∞
0
dωϕb(ω) |1, ω〉b , (4)
where |1, ω〉c ≡ c†ω |0〉c , |1, ω〉b ≡ b†ω |0〉b, p is a real num-
ber satisfying 0 < |p| < 1/√2, and ϕc(ω) (ϕb(ω)) is a
function satisfying
∫
dω|ϕc(ω)|2 = 1 (
∫
dω|ϕb(ω)|2 = 1),
which ensures that |1〉c (|1〉b) is a one-particle state of
an infalling (outgoing) localized wave packet [32]. In the
latter part of this paper, we will show that this entangle-
ment is broken by the existence of the singularity, which
is caused by the decoherence of an infalling mode. An
infalling mode inside a black hole is redshifted [34] as
λ = λ0
√
2GM/r − 1, where λ0 is the initial wavelength,
and it diverges in the limit of r → 0. Therefore, the
infalling mode exits the particle horizon near the singu-
larity and loses causal contact as a whole (Fig. 1), which
is responsible for the squeezing (EPR-like correlation) of
the infalling mode, that has the role to retain its coher-
ent structure [14], and decoherence as is discussed in Sec.
III.
We consider a massless scalar field φ on the
Schwarzschild spacetime with a mass M whose metric is
given as ds2 = f(r)dt2 − f−1(r)dr2 − r2dΩ22 with f(r) ≡
1 − 2GM/r, where dΩ22 denotes the line element of a
two-sphere dΩ22 ≡ dθ2+sin2 θdϕ2. Using the tortoise co-
ordinate r∗ = r+2GM ln |1− r/(2GM)|, we can rewrite
it as ds2 = gµνdx
µdxν ≡ f(r) [dt2 − dr∗2] − r2dΩ22. In
order to describe the infinite squeezing of an infalling
mode, let us investigate the dynamics of the vacuum |0〉c
inside the black hole r < 2GM . The action S is given as
S =
∫
d4xL = 1
2
∫
d4x
√−ggµν∂µφ∂νφ = 1
2
∫
d2x
∑
l,m
[
χ′2lm − 2χlmχ′lmG + G2χ2lm − χ˙2lm + f(r)
l(l + 1)
r2
χ2lm
]
, (5)
3where we decompose the field φ into partial waves with
an angular momentum l as φ ≡
∑
l,m
χlmYlm/r, a prime
and a dot denote differentiation with respect to r∗ and
t respectively, and G ≡ r′/r. From the action (5), the
Euler-Lagrange equation can be derived as[
∂2
∂r∗2
− ∂
2
∂t2
− f(r)
(
2GM
r3
+
l(l+ 1)
r2
)]
χlm = 0. (6)
We find that the mode functions satisfying (6) are almost
independent of the angular momentum l in the vicinity
of the singularity because l(l+1)/r2 in (6) can be ignored
for r ≪ 2GM . We are interested in the behavior of an
infalling mode near the singularity, and therefore, we set
l = 0 and omit the suffixes (l,m) in the following. The
time like coordinate inside the black hole is r∗, therefore,
the conjugate momentum pi of the field χ is given as [35]
pi ≡ ∂L/∂χ′ = χ′ − Gχ (7)
and then the Hamiltonian is
H =
∫
dt
1
2
[
pi2 + χ˙2 + 2Gχpi] . (8)
We can decompose the field χ and its conjugate momen-
tum pi as
χ ≡
∫ +∞
−∞
dω√
2pi
χ¯ω(r
∗)e−iωt + (O.M.) ≡
∫ +∞
−∞
dω√
2pi
[
cωχ˜ω(r
∗)e−iωt + c†ωχ˜
∗
ω(r
∗)e+iωt
]
θ(ω) + (O.M.), (9)
pi ≡
∫ +∞
−∞
dω√
2pi
p¯iω(r
∗)e−iωt + (O.M.) ≡ −i
∫ +∞
−∞
dω√
2pi
[
cωp˜iω(r
∗)e−iωt − c†ωp˜i∗ω(r∗)e+iωt
]
θ(ω) + (O.M.), (10)
where (O.M.) denotes the outgoing modes and θ(ω) is
a step function: θ(ω) = 1 for ω > 0 and θ(ω) = 0
for ω < 0. The canonical commutation relation is
[χ¯ω, p¯i
†
ω′ ] = iδ(ω − ω′). In the following, we will omit
the suffix ω for simplicity. From (7) and the canonical
commutation relation, we obtain the Wronskian condi-
tion as (χ˜′∗χ˜− χ˜′χ˜∗) = i.
The third term in (8) is responsible for the squeezing
of infalling modes [13–17], which becomes stronger as
r∗ → 0 as is shown later. To investigate the dynamics
of the states |0〉c and |1, ω〉c, we first derive the wave
functions for them, Ψ0[χ¯] and Ψ1[χ¯], that satisfy c |0〉c =
0 and |1, ω〉c = c† |0〉c respectively. From (9) and (10), we
can rewrite the former in the Schro¨dinger representation
as
[
χ¯+ iγ−1(r∗, ω)p¯i
] |0〉c = 0, where γ(r∗, ω) ≡ p˜i∗/χ˜∗.
Replacing the conjugate momentum p¯i by −i∂/∂χ¯†, we
obtain the wave function Ψ0[χ¯] of the state |0〉c as
Ψ0[χ¯] =
√
2γR
pi
exp
[−γ(r∗, ω)χ¯χ¯†], (11)
where γR ≡ Re[γ(r∗, ω)]. On the other hand, |1, ω〉c
satisfies |1, ω〉c = c† |0〉c, and hence we obtain Ψ1[χ¯] ∝(
χ¯− γ∗−1(r∗)∂/∂χ¯†)Ψ0[χ¯], which leads to
Ψ1[χ¯] =
2γR√
pi
χ¯ exp
[−γ(r∗, ω)χ¯χ¯†]. (12)
The function γ can be calculated numerically from (6).
III. DECOHERENCE NEAR A BLACK HOLE
SINGULARITY
In the following we show that the density matrix ρco of
the quantum state (2) is reduced to a separable [36] den-
sity matrix ρde due to the decoherence once the infalling
mode reaches the vicinity of the singularity, namely,
ρco → ρde for r∗ → 0. To this end, we first show that the
infalling mode becomes highly squeezed as the mode ap-
proaches the singularity, and secondly, that the squeezed
state is highly sensitive to decoherence. The density ma-
trix ρco can be written as
ρco ≡ (1− p2) |0〉c 〈0|c ⊗ |0〉b 〈0|b + p2 |1〉c 〈1|c ⊗ |1〉b 〈1|b
+p
√
1− p2 (|1〉c 〈0|c ⊗ |1〉b 〈0|b + |0〉c 〈1|c ⊗ |0〉b 〈1|b) , (13)
and as is shown later, the separable density matrix ρde is
ρde = (1− p2) |0〉c 〈0|c ⊗ |0〉b 〈0|b + p2 |1〉c 〈1|c ⊗ |1〉b 〈1|b .
(14)
Hence, we will show that the third and fourth terms in
(13) disappear, that is, ρco → ρde, as the infalling mode
approaches the vicinity of the singularity.
Let us consider the time evolution of the non-diagonal
terms of ρco. Using (3), |0〉c 〈1|c and |1〉c 〈0|c in the non-
diagonal terms can be decomposed as
|0〉c 〈1|c =
∫
dωϕ∗c(ω) |0〉c 〈1, ω|c ,
|1〉c 〈0|c =
∫
dωϕc(ω) |1, ω〉c 〈0|c
(15)
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FIG. 2: (a), (b), and (c) are the imaginary parts of the non-diagonal componentsW
(c)
01 , and (a’), (b’), and (c’) are the imaginary
parts of the coarse-grained non-diagonal components W
(c)
01 , where we set |r
∗|/2GM = 10 (for (a), (a’)), |r∗|/2GM = 0.1 (for
(b), (b’)), |r∗|/2GM = 0.001 (for (c), (c’)), and 2GMω = 0.5. The non-diagonal term W
(c)
01 =W
(c)
10
∗ has the form of Xδ(X) in
the limit of r∗ → 0, and therefore the coarse-grained distribution W
(c)
01 = W
(c)
10
∗ disappears. This leads to the transition from
the entangled Hawking pair to the separable Hawking pair in the vicinity of the singularity.
respectively, and we will show the decay of |0〉c 〈1|c and
|1〉c 〈0|c by calculating the time evolution of |0〉c 〈1, ω|c
and |1, ω〉c 〈0|c. |0〉c 〈1, ω|c and |1, ω〉c 〈0|c component of
the Wigner function of ρco, W
(c)
01 and W
(c)
10 , are given as
W
(c)
01 = W
(c)
10
∗ =
∫ ∫
dxRdxI
(2pi)2
e−i(p¯iRxR+p¯iIxI) 〈χ¯− x
2
| |0〉c 〈1, ω|c |χ¯+
x
2
〉
=
1
pi2

√2γRχ¯− i
√
2γ2I
γR
(χ¯+
p¯i
2γI
)

 exp [−2γR|χ¯|2] exp
[
−2γ
2
I
γR
∣∣∣∣χ¯+ p¯i2γI
∣∣∣∣
2
]
,
(16)
where we used (11) and (12) and the suffixes R and I
represent the real and imaginary part respectively. We
numerically confirmed that they are infinitely squeezed
in the limit of r∗ → 0 with 2GMω = 0.5 (Fig.2 (a), (b),
and (c)) and the ratio γI/γR ∝ sinh 2s diverges in the
vicinity of the singularity, γI/γR → −∞, where s is the
squeezing parameter. This means that s also diverges,
|s| → ∞, as r∗ → 0 (see e.g., [13]).
Secondly, we will show that an infinitely squeezed state
with an environment is highly fragile against decoher-
ence, in which the environment plays an important role.
For instance, let us consider a double-slit experiment with
electrons in which they create an interference pattern
(non-diagonal density matrix). If they are exposed to
thermal noise (environment), the pattern will be coarse-
grained and will disappear (decoherence). This is the
intuitive interpretation for the role of environment in de-
coherence. We here take into account the environment as
follows. The field χ can be separated into two parts, the
long-wavelength part as the system (an infalling Hawk-
ing particle) and the short-wavelength part as the en-
vironment (vacuum fluctuations). We here regard only
the modes with wavelengths much shorter than the grav-
itational curvature radius of black hole as the short-
wavelength part, as in the stochastic inflation scheme
[21, 37, 38]. Therefore, the environment can be regarded
as a coherent state with a good approximation and we
can consider the decoherence by tracing out the coherent
5environment. It is shown that the tracing out the coher-
ent environment is corresponding to convolving (coarse-
graining) the system’s Wigner function (16) with that of
a coherent state WE [39] (see also [40, 41]),
WE ≡ pi−2 exp
(−|χ¯|2 − |p¯i|2). (17)
Taking the convolution of (16) and (17), the non-diagonal
term of the coarse-grainedWigner functionW(c)01 =W(c)10 ∗
is obtained as
W(c)01 ≡ (W (c)01 ∗WE) =
Q|Q|2
pi2
(χ¯− ip¯i) exp
[
−|Q|2
{
(|χ¯|2 + |p¯i|2) + 2γR(|χ¯|2 + |p¯i/(2γR) + (γI/γR)χ¯|2)
}]
, (18)
where Q ≡ √2γR/(1 + 2γ). In the limit of r∗ → 0,
the real and imaginary parts of the function γ(r∗, ω)
diverge and hence Q asymptotically approaches zero.
Therefore, the non-diagonal term W(c)01 is decaying as
approaching the singularity (Fig.2 (a’), (b’), and (c’)),
which means that the Hawking pair will experience de-
coherence as the infalling mode approaches the singu-
larity since the effect of decoherence on a density ma-
trix is essentially the decay of its non-diagonal terms, see
e.g., [23]. Although general relativity and quantum field
theory are, of course, no longer valid near the singular-
ity at r . rPl = 2GM(MPl/M)
2/3 [42], where MPl is
the Planck mass, the decoherence is almost completed at
r ≫ rPl in the case of interest, namely a massive black
hole M ≫ MPl (remember postulate 2). That is, the
above estimates suggest that the squeezing becomes so
strong that the decoherence can take place well before the
modes reach r ∼ rPl, and therefore using a (semi)classical
spacetime picture of the mode evolution should still be
reliable.
As is shown above, the intense squeezing leads to the
decay of the non-diagonal terms. Therefore, the third
and fourth terms in (13), containing the non-diagonal
components |1, ω〉c 〈0|c and |0〉c 〈1, ω|c (see (15)), decay
due to the decoherence and this leads to the transition
of the state ρco → ρde = (1 − p2) |0〉c 〈0|c ⊗ |0〉b 〈0|b +
p2 |1〉c 〈1|c⊗|1〉b 〈1|b. This implies that the entanglement
of Hawking pairs decays as the infalling mode approaches
the singularity.
IV. MICROSCOPIC PICTURE OF
INFORMATION RECOVERY
We can apply the loss of the entanglement between a
Hawking pair to the black hole information paradox. Ac-
cording to our proposal, the entanglement between B and
C is broken when C approaches the singularity. There-
fore, the timescale on which the entanglement is broken
is of the order of the free fall timescale, tF ∼ 2GM , mea-
sured by a freely falling observer [44]. In other words,
we cannot avoid the entanglement between B and C only
during the moment of the free fall ∼ tF . Therefore, we
have to discuss how the scenario proposed here is consis-
tent with the monogamy of entanglement and the previ-
ous works [45, 46], in which the timescale of information
recovery is carefully discussed in the microscopic level.
In Ref. [45], the radiation around a gravitationally
collapsing shell was analytically investigated and it was
shown that the correlations between the Hawking par-
ticles (between A and B) are initially zero but grow on
the timescale of tF for an observer far from the black
hole. Ref. [46] also pointed out that the microscopic
timescale of information recovery may be of the order
of tF by considering the interaction between a collaps-
ing shell and the Hawking radiation. For these reasons,
we can conclude that the entanglement between A and
B would be initially zero and gradually appears on the
timescale of tF , and B can be allowed to be entangled
with C only for the short time ∼ tF , which is quite con-
sistent with our scenario. This implies that B would not
be fully entangled with A and C simultaneously (Fig. 3),
and therefore there is no any violation of the monogamy
of entanglement.
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FIG. 3: The schematic picture showing how the microscopic
picture of information recovery [45, 46] is consistent with our
proposal. B is initially entangled with C and its entanglement
will decay on the timescale of tF . On the other hand, the
entanglement between A and B is initially zero and may grow
on the timescale of tF .
6V. CONCLUSIONS
We showed that a Hawking pair becomes a separa-
ble state from an entangled state by pointing out that
the high squeezing and decoherence occur inside a black
hole. The analysis was done with a simplified state (2)
and the environment interacting with the infalling Hawk-
ing modes whose Wigner function is given by (17). The
interaction with the environment can be effectively taken
into account by smearing out the Wigner function of the
infalling mode with that of the environment (18). As
a result, we showed that the non-diagonal terms of the
density matrix for the Hawking pair would decay quickly
compared to the black hole evaporation timescale, which
implies that the decoherence would be caused by the in-
terior gravitational effect and that the entanglement be-
tween Hawking pairs will be broken. It should be em-
phasized that although general relativity and quantum
field theory would break down near the singularity, our
proposal is valid as long as the mass of black hole is much
larger than the Planck mass,M ≫MPl [2, 6]. According
to our proposal, we would no longer need firewalls. We
believe that our work can be important for the under-
standing of how the states of Hawking pairs of particles
become separable, and how the black hole information
paradox can be solved.
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